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1.  INTRODUCTION 


This  workshop  on  "Testing/Fabrication/Gradient  Index  Optics  and  Computer 
Aided  Manufacture  of  Optics"  represents  the  sixth  of  a  series  of  intensive 
academic/ government  interactions  in  the  field  of  advanced  electro-optics,  as 
part  of  the  Army  sponsored  University  Research  Initiative.  By  documenting 
the  associated  technology  status  and  dialogue  it  is  hoped  that  this  baseline 
will  serve  all  interested  parties  towards  providing  a  solution  to  high  priority 
Army  requirements.  Responsible  for  program  and  program  execution  are 
Dr.  Nicholas  George,  University  of  Rochester  (ARO-URI)  and  Dr.  Rudy  Buser, 
CCNVEO. 
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2.  SUMMARY  AND  FOLLOW-UP  ACTIONS 

As  part  of  the  URI  program,  I  visited  Fort  Belvoir  to  give  a  workshop  on 
gradient  index  optics.  The  workshop  was  organized  by  Bob  Spande  (703-664- 
6665)  and  Tom  Cody  who  works  for  Bob.  Approximately  ten  to  twelve  people 
attended  the  workshop,  although  the  number  varied  throughout  the  day.  In 
addition,  representatives  of  CVD,  Incorporated,  Woburn,  MA  were  in 
attendance  (Dr.  Ray  Taylor  and  Dr.  Hemant  Desai)  and  two  people  from 
Gradient  Lens  Corporation  (Dr.  Leland  Atkinson  and  Mr.  Robert  Zinter).  I 
gave  a  standard  presentation  atgradient  index  optics  which  created  pretty 
lively  discussion,  particularly  onlhe  possibilities  of  using  gradient  inue.n  fzr 
night  vision  goggles,  helmet  motfnted  displays,  IR  rifle  scopes  and  I.R  goqqlesj 
Some  interesting  interaction  occurred  with^he  possibility  of  using  tin  in 
germanium  to  make  gradient  index^..  This  has  been  suggested  by  Charles 
Freeman.  He  also  suggested  thi^possiBility  of  making  gradient  detectors,  for 
example,  to  change  the  specftaband  of  various  detectors^Apparently  this  has 
been  done  already.  He  also  suggested  it  might  be  possible  to  do^pace 
processing  of  radial  gradientsjand  that  they  would  heip  us  m  doingithis  if  we 
were  interested.  Finally,  he  suggested  it  might  be  time  tore&sitjhe  Ogive 
problem* (This  is  a  problem  whereby  the  shape  ot  the  surface  is'Tio  longer 
spherical  but  is  pointed,  and  thus  the  optics  are  complicated.  This  would  be 
particularly  important  since  high  index  materials  may  now  be  available  and  it 
may  be  possible  to  correct  the  aberrations  in  a  better  way  than  had  been 
previously  done.  It  might  be  worth  proposing  something  to  them. 
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GRADIENT  INDEX  OPTICS 


REFRACTION  IN  NATURE 
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WHAT  IS  6RADIENT  INDEX  OPTICS 


In  a  conventional  optical  system,  the  Index  refraction  with¬ 
in  each  optical  component  Is  homogeneous.  That  Is*  It  Is 
constant  within  the  material.  Therefore*  In  the  design  of 
such  systems*  the  lens  designer  Is  allowed  to  vary  the 
curvature*  the  thickness*  and  the  Index  of  refraction  of 
•ach  component  Independently  to  try  to  optimize  the  perfor¬ 
mance.  However.  It  Is  possible  to  manufacture  a  lens  ele¬ 
ment  whose  Index  refraction  varies  continuously  within  the 
material.  Such  a  Tens  element  Is  said  to  be  a  gradient 
Index  component.  He  differentiate  these  types  of  elements 
from  elements  which  have  random  errors  In  their  Index  of 
refraction  resulting  from  stria  or  cord  In  the  material. 

At  this  point*  we  can  find  no  advantage  In  using  materials 
with  these  random  errors. 

The  subject  of  gradient  Index  optics  is  subdivided  Into  two 
major  sections.  The  first  Is  gradient  Index  components  used 
for  telecommunications.  In  this  example*  the  material  Is 
normally  a  very  long  fiber  of  the  order  of  many  kilometers 
with  a  diameter  approximately  twenty  to  one  hundred  microns. 
The  Index  of  refraction  varies  radially  out  from  the  center 
such  tha!  the  Index  of  refraction  Is  higher  along  the  center 
of  the  fiber  than  It  Is  near  the  edge.  If  the  gradient  pro¬ 
file  Is  chosen  properly*  the  height  of  the  ray  varies  sinu¬ 
soidally  motion  down  the  fiber  -  never  actually  touching  the 
walls.  This  differs  dramatically  from  the  step  Index  fiber 
which  relays  on  total  Internal  reflection  of  the  walls.  In 
this  case,  the  propagation  velocities  of  the  various  modes 
differ.  In  the  gradient  Index  fibers*  all  modes  propagate 
at  the  same  velocity  and  thus*  the  temporal  bandwidth  of  such 
a  fiber  can  be  relatively  high.  In  this  particular  publica¬ 
tion*  we  are  not  concerned  with  telecommunications.  The 
Interested  reader  Is  referred  to  the  book  by  Midwinter  en¬ 
titled  Optical  fibers  for  Transmission  for  more  Information. 

The  major  thrust  of  this  work  will  be  the  use  of  gradient 
Index  materials  for  Imaging  purposes.  This  does  not  rule  out, 
however,  the  possibility  of  using  fibers.  In  such  a  case,  an 
Image  Is  formed  on  one  end  of  the  fiber  and  the  entire  Image 
Is  transmitted  to  the  opposite  end  of  the  fiber.  The  typical 
lengths  for  such  a  device  are  only  a  few  meters  with  the  di¬ 
ameters  of  approximately  one  millimeier. 


Gradient  Index  optical  systems  for  loafing  purposes  can  be 
divided  Into  four  distinct  sections.  The  first  Is  the  design 
end  analysis  of  such  systems.  This  Involves  problems  of  cal¬ 
culating  the  aberrations,  either  by  aberration  theory  or  by 
using  raytrace  algorithms,  further.  It  Is  Important  to  be 
able  to  evaluate  complex  lens  systeas  with  both  inhomogeneous 
and  homogeneous  components. 

The  second  Important  area  Is  the  manufacture  of  materials. 

For  many  years,  this  has  been  the  Halting  feature  In  imple¬ 
menting  gradient  Index  optics.  There  are  now,  however,  many 
different  materials  In  which  gradients  can  be  made.  These 
Include  optical  glasses,  plastics,  germanium,  sine  selenlde, 
and  sodium  chloride,  to  name  but  a  few.  tflthln  this  area.  It 
Is  Important  to  be  able  to  not  only  make  the  materials  but 
to  be  able  to  predict  what  the  gradient  will  be,  what  Its 
wavelength  dependence  will  be,  as  well  as  Its  temperature 
and  mechanical  properties. 

Once  the  materials  have  been  manufactured,  the  optical  pro¬ 
perties  must  be  determined.  Currently,  there  Is  very  little 
Instrumentation  for  such  metrology  and  the  final  implementa¬ 
tion  of  such  materials  In  a  lens  system  relies  heavily  on 
being  able  to  measure  In  a  short  time  the  various  mechanical 
and  optical  properties. 

Finally,  once  the  other  three  steps  have  been  completed,  we 
must  be  able  to  fabricate  thee  Into  finished  components.  It 
Is  not  as  straightforward  as  one  might  Imagine  to  take  a 
gradient  Index  component  and  make  It  Into  a  finished  lens. 
Because  the  glass  has  certain  symmetry  properties,  the  axis 
of  symmetry  must  be  collnear  with  the  optical  axis  of  the 
lens  surfaces.  If  It  Is  not,  then  aberrations  of  non-rota- 
tlonally  symmetric  lens  systems  become  present. 
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Why  Gradients 


Cest  Reduction 


Weight  Reduction 


Length  Reduction 


Reliability 


flore  Performance  for  same  number  of  elements 


GRADIENT  INDEX  FIBERS 
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LENGTH  ~l  m 


INDEX  OF  REFRACTION  POLYNOMIAL 


Axial  Geometry 


Radial  Geometry 


Axial  Gradient 

Na  ( x )  *  N0o  ^  Nqi  x  +  Nqj  x2  +  •  ■  • 
Radiol  Gradient 

NR  (x)  *  N00+ NI0C  +  Nj0  C2+  •  •  • 

f  «Y2+  Z2 


Spherical  Geometry 

N(R -p)  —  Nqo  +  Noi$(R-£)  +  '•'NoSS^"^)5"*'  *** 
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GRADIENT  INDEX  SINGLE  LENS 
WITH  SPHERICAL  SURFACES 


SURFACE  SURFACE 
OF  LENS  OF  LENS 


SINGLE  ELEMENT  COLLIMATOR 

BL-3 
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Y™,  Vo  V (4N*  Vo4  +  2N,  VoV-  '2Novo4  ]  dx 
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AXIAL  GRADIENT 


DEGREES  OF  FREEDOM 
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FIRST  CURVATURE 
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f/4  Allot  Gradient  Collimator 
SpherOchramotlim 


Gradient  Profile  0.6328/4 


RAY  INTERCEPT  PLOTS 


N  ■  1.439882  ♦  0.031  ♦  0.1  • 


TOLERANCING  GRADIENT 


TEN  PARAMETERS  TO  BE  TOLERANCED 
Not,  N02,  Noj,  No4, 

Nio.  N20i  Njo,  N40, 

TILT,  DECENTER 
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f/4  Allot  Grodlent  Collfmotor 
Effect  of  Not 


f/4  Axial  Gradient  Collimator 
Effect  of  Gradient  Tilt 


9*0.001  red 


Schmidt  System 
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Linear  vs  Quadratic  Profiles 
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Spherical  Aberration  For  Gradient 
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RAY  INTERCEPT  PLOT 
CORRECTOR  PLATE 
SAGITTAL  FAN 
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RAY  DISPLACEMENT  PLOTS 

GRADIENT  CORRECTOR  PLATE 
VARIOUS  GRADIENT  DISPLACEMENTS 
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6-6  3U00IJ 


To  redesign  the  Ml  9  binocular  objective  using 
gradient  index  materials  to  : 

1 )  reduce  the  number  of  elements, 

2)  maintain  equivalent  performance, and 

3)  develop  a  system  that  can  be  manufactured 

using  ion  exchange  techniques. 


hS 


M19  BINOCULAR 


;nv-v;  itoj 


The  original  Ml  9  binocular  has  a 
three  element  telephoto  objective. 


FIRST  ORDER  SPECIFICATIONS 


Effective  Focal  Length 

150  mm 

F  number 

3.0 

Semi-field  Angle 

3.66° 

Entrance  Pupil 

SO  mm 

Telephoto  Ratio 

•JO 

Design  a  two  element  telephoto  system  using  an  axial 
gradient  index  positive  lens  and  a  homogeneous 
negative  lens. 


The  Base  Glass:  We  used  an  alumina  silicate 
crown  glass,  manufactured  by  Bausch  and  Lomb 
for  ion  difusion  .for  the  positive  lens. 


nd=1 .501 1  V=(nd-1)/(nF-nc)=58.0 


The  Gradient:  A  Ag+  for  Na+  ion  exchange  was 
used  as  the  basis  for  the  design,  having  a 
maximum  theoretical  index  change  ,&n=o.is. 

The  dispersion  of  the  gradient  is  V01=1 5,  where 


NL .  /(NL  „-N 


01, d 


01  .F  01  ,C 


)• 


We  restricted  £n<0.05  for  ease  of  fabrication 
and  better  transmission. 
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For  a  focal  length  F, telephoto  ratio  k,and  aeparatlon  d,the 
focal  lengths  of  the  elements  are  *t 

f,=  F/{F(1-k)+d}  and  f^-dJOcF-dJ/^-kF) 


*  Kingslake, 
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THIN  lENS  SEPARATION  (MM) 


wavelength 


For  a  thin  lens  ,  PAC«cya2/ Vf  .where  y#«axial  ray  height 

fsfbcal  length 
and  V«(nd-1)/(nF-nc) 

For  two  thin  lenses, 

PACcy.^f,  +  y^/v2f2 

For  PAC«0  .then, 

We  saw  from  the  graph  that  as  the  separation  increased, this 
ratio  also  increased,  since  f2  increases  faster  than  f  . 

Therefore  to  get  weak  element  we  need  a  large  ratio  V,/ V~. 
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We  found  that  our  best  gradient  Index  design  had  the 
largest  value  of  Vt f\t2  that  we  could  use. 


SYSTEM  COMPARISON 
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TELEPHOTO  SOLUTIONS 
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FABRICATION  OF  THE  GRADIENT 


Glass  -Bausch  and  Lomb  2406 
Salt  —  AgCI 

Ion  Exchange—  Ag*for  Na* 
Diffusion  Time—  39.5  hours 
Temperature  —515°  C 
Anneal  — 10  hours  at  515°  C 


Initial  Blank 


0.50mm  thick  sample  to  be  measured 
in  Mach  •  Zehnder  Interferometer 


NDEX  PROFILE 

DESIGN  vs.  EXPERIMENT 


GRIN  surface 
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t2  «  1J77mm. 


-0.0043141 5 /mm. 


Index  profiles  -  shifted 


Mach  -  Zehnder  Inferfer 


Interference  pattern  Due  to  Index  of 
Refraction  Gradient 
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System  Testing 

1)  Wavefront  measurement  with  Zygo 
Interferometer 


2)  MTF  Measurement 


3)  Visual  Resolution  Test  with  U  ASF 
1951  Target 
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SUMMARY 


Kev  Results 

1.  This  was  the  first  large-scale  axial  gradient-index 
system  ever  fabricated. 

2.  The  number  of  elements  was  reduced  while 
maintaining  equivilant  performance. 

3.  The  ability  to  alter  the  index  profile  after 
diffusion  was  demonstrated. 

4.  Reproducibility  and  the  potential  for  mass 
production  were  also  demonstrated. 

Implications 

1.  Weight  reduction 

2.  Improved  reliability 

3.  Improved  performance  with  the  same  number  of 
elements 

a.  Cost 
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RADIAL  GRADIENT 


WOOD  LENS 


2 


WOOD  LENS 


HOMOGENEOUS 
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PR.  YOOER, JR.,  J. OPT.  SOC  AM.  50, 491  (1960) 
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GRADIENT  INDEX  PHOTOGRAPHIC  OBJECTIVE 
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40X  MICROSCOPE  OBJECTIVE 


N* 
O 
IO  o 
Ul  i 

^  ■ 


FIRST  ORDER  PROPERTIES 


Numerical  Aperture 

0.45 

Focal  length 

*8. 0mm. 

Full  Field  of  View 

700wm. 

Lens  Diameter 

«8mm. 

Cover  Plate 

1.1mm. 

Two  Approaches 

I.  Wood  Lens  (Radial  Gradient  with  Plano  Surfaces) 
II.  Radial  Gradient  with  Curved  Surfaces 
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Manufacture  of  Gradients 


61ass 

Size 

AN 

Neutron  trredUtioo 

0.1  mm 

0.02 

Chemical  Vapor  Deposition 
JCVD) 

1.0  mm 

0.03 

Polymerization  Techniques 

20.0  mm 

0.04 

Ion  Exchange 

16.0  mm 

0.15 

Stuffing 

10.0  mm 

0.04 

Infrared  Materials 

Ge-Si 

20.0  mm 

0.15 

ZaSe-ZnS 

10.0  mm 

0.24 

fttny*  for  Sen*  Optical  Materials 


GRADIENT  INDEX  FABRICATION 
METHOD  OF  ION  EXCHANGE 


LIST  OF  BASE  GLASSES 


BK-7 

517.642 

SF-2 

648.339 

BK-13 

521.628 

SF-4 

755.276 

SK-3 

609.589 

SF-6 

805.254 

FK-5 

487.704 

SF-64 

706.308 

BaF-3 

583.465 

S-8000  518.599 

BaLF-3 

571.529 

BaSF-51  724.381 

BaK-I 

573.575 

USF-5 

881 .410 

LaK-23 

669.574 

LAK-NI4 

697.554 

LAF-N2 

744.448 

BaSF-I 

626.390 

LaF-24  757.478 

KF“3 

515.547 
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MODELS 


1 .  DIFFUSION  COEFFICIENT 

2.  INDEX  OF  REFRACTION 

3.  SPECTRAL  PROPERTIES 

4.  THERMAL  AND  MECHANICAL  PROPERTIES 
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ION  EXCHANGE 
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INVARIANT  INDEX  AND  SPECTRAL  LINES 


89 


AgCl/BL2406  diffused  at  500C 


GLASS:  Bausch  and  Lomb  2406 

Si02  67.0% 

Na20  25.6% 

AI2O3  7.4% 

Cylindrical  sample,  40mm  dia.  x 
50mm  long 


SALT:  1.0  kg  AgCI  with  approx.  1%  NaCI 
due  to  previous  experiments 


TEMPERATURE:  515  °c 


TIME:  960  hours  (40  days  and  40  nights) 
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NO  ANNEAL 

168  m.  ANNEAL  (5I59C) 


RESULTS 


1)  The  sample  surface  was  significantly 
degraded,  but  no  bulk  deformation 
was  evident 


2)  The  sample  was  not  devitrified. 
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m  rrwmmr  A*-cwuiroc 

■ilS  tDD  SUSS  ROD 


Fi|.l.  Im  stuff lag  process  for  fabricating  SOt  cod  lens . 


Fig. 2.  Ag  sod  Is  concentration  profile  la  tbs  glass  rod 
after  Asa  staff lag  (left'  sad  after  ion  aos tuff log  (right'.- 
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a*  •  ».aa» 


ThD— 4 


aoo  laom  (  mi ) 

Fig.  3.  A  typical  example  of  the  radial 
variation  of  refractive  imdex  of  the 

2.0  am  diameter  lema. 

Fig. 4.  Image  ad  opot  formed  by 
2  am  d&ametier  rod  lane. 

lens  9.4 


Fig. 5.  Optical  micrograph  of  the 
image  of  tbo*  raaolutloa  target 
formed  fcy  the  2  am  diameter  lama 


SCHEMATIC  GEL  STRUCTURE 
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GMN  GLASS 
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GRADIENT  SYSTEMS  FOR  IR 
SPECIAL  GLASSES  TO  3.5  MICRONS 
GERMANIUM  DIFFUSIONS 
ZN  SE  -  ZN  S  CVD 
GRADIENT  NA  CL  -  AG  CL 


INTRODUCTION  TO 

CHEMICAL  VAPOR  DEPOSITION  PROCESS 
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•  QRAIN  till,  1I-1W  |!f*i 

•  THEORETICALLY  DENSE  MATERIAL,  NEGLIGIBLE  VOIDS 


EXPERIMENTAL  CVD  CHAMBER  USED  FOR 
DEPOSITS  OF  GRADIENT  INDEX  MATERIAL 
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MM 


INTERFEROGRAM  OF  GRADIENT  INDEX  MATERIAL 


COMPARISON  OF  INDEX  GRADIENT  VERSUS  CHEMICAL  COMPOSITION 


DISTANCE  (mol 


REFRACT  I  VC 
INDEX 
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6radient  -  Index  Polymers 

Leo  t.  Gardner 


MONOMER  : 


MONO  (single)-  MEROS  (parts) 


Methgfaethecrgfate  (MMA): 


CM. 

I  3 

ch2*=c 
2  I 

COOCH  3 


POLYMER  : 


POLY  (many)  -  MEROS  (parts) 


Pntgaetkyfaethacrglate  (PMMR): 


TYPICAL 

properties 

NOMOPOLYMER 

fromCR29* 

MONOMER 

MOMOPOLYMER 
from  HIRI*  11 
CASTING  RESIN 

Visible  Light 
Transmittance 

»t1% 

§2-93% 

2.5  mm  thick 

Refractive  Index 

Cat  20*0 

•0*13563 

Abbe— ber 

SU 

J7.7 

Density 

131  Q/CC 

1316  g/cc 

Meet  Distortion 

Temperature 

(for  10  mi  deflection) 

111-149*  F 

16TF 

information  courtesy  of 
PPG  Industries,  Inc. 
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IIIVI  » 


(diethylene  glycol  bis  (ally!  carbonate)  «d  (polymer)  «  1.50) 


HIRfll  casting  resin 

(a  proprietary  mixture  of  the  carbonate  ester  family  nD  (polymer)  «  1.56) 

3FMA 

(2,2, 2- trifluoroethyl  methacrylate  no  (polymer)  «  1.42) 
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0.0  (0  20  30  40  50  60 

RA04US  SQUARED  (mm*) 


.005  .01  015  02  025 


RADIUS  (mm) 


.008  .0)6  .024  032  0*0 


2.0  4.0  60  80 


RADIUS  (mm) 


.040  .048 


RADIUS  SQUARED  (mm*) 
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MEASUREMENT  OF  GRADIENTS 


PRESENT 

INDEX  OF  REFRACTION  PROFILE 
CHROMATIC  DISPERSION 
MAXIMUM  SLOPE  OF  GRADIENT 
TRANSMISSION 
ION  CONCENTRATION 

FUTURE 

INCREASE  ACCURACY  OF  SLOPE  TO  0.1% 
MORE  DATA 


DISTANCE  INTO  SAMPLE  IN  cm 


128 


DISTANCE  INTO  SAMPLE 


SOURCE 
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GRADIENT  INDEX  SCHLIEREN  SYSTEM 


en  error  bar 


^  schlieren  error  bar 
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CONVENTIONAL  ENDOSCOPIC  SYSTEM 


i 
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many  relay  elements 


INHOMOGENEOUS  SINGLE  FIBER 
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Space  Bandwidth  =  number  of  resolution  elements 

across  field 


PHYSICAL  AXIS 


138 


itaticn  of  the  Curved  GRIN  Rod 


MULTIPLEXER 


142 


OPTOELECTRONICS  WORKSHOP 
GRADIENT  INDEX/  CAD  OPTICAL  FABRICATION 


Gradient  Index  as  a  concept  has  been  around  since  the  nineteenth 
century.  While  practical  applications  have  appeared  only  within  the  last 
decade.  The  first  application  is  for  fiber  optics,  where  very  long#  lengths 
are  required  in  communication  systems.  The  use  of  gradient  index  technology 
improved  fiber  optic  transmission  efficiency,  making  possible  longer 
communication  distances  with  gradient  index  fibers. 


Today  the  technology  has  extended  into  optics  for  binoculars,  both  the 
objective  and  the  eyepieces.  Currently  CCNVEO  is  developing  gradient 
optics  for  the  far  infrared,  where  cost  and  performance  benefits  are  will  be 
realized  above  homogeneous  optics.  With  these  technology  demonstrators 
future  gradient  index  optics  applications  include  night  vision  goggles, 
displays,  both  helmet  and  heads-up  and  IR/Visual  optical  trains. 


With  the  advent  of  the  microcomputer  it  is  possible  to  grind  and  polish 
optics  through  a  computer  controlled  processing.  A  system  will  be  described 
that  can  fabricate  greater  than  80%  of  the  all  the  different  geometries 
required  for  U.S.  Army’s  weapon  systems. 


OPTOELECTRONICS  WORKSHOP 

GRADIENT  INDEX/  CAD  OPTICAL  FAB. 
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OPTOELECTRONICS  WORKSHOP 

GRADIENT  INDEX  APPLICATIONS 
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OPTOELECTRONICS  WORKSHOP 
SPHERICAL  -  AXIAL  GRADIENT 


CO 


APERTURE,  F/1.0 
28  MAY,  1988 


OPTOELECTRONICS  WORKSHOP 
ASPHERIC  -HOMOGENEOUS 
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AGENDA 


HEHICAL  VAPOR  DEPOSITION 


EXHAUST  _ _ _  ISAAC  /  Al'I'LE 

A  I  I  I  MiCHornoci  ssoh 


> 


Schematic  of  research  CVD  furnace  to  be 
used  in  proposed  program. 


GRIN  CONCEPT 


INDEX  OF  REFRACTION 


Indices  of  refraction  of  ZnS  and  ZnSe  as 
a  function  of  wavelength. 


LID 


,  GAS  PHASE 


Deposition  rate,  RD,  of  alloy  ZnSxSe^ 
vs.  gas  phase  composition.  Solid  lin 
is  a  linear  least  squares  fit  to  the 
data  ooints. 


CHANGE  IN  REFRACTION  INDEX,  An 


0  12  3  4 


DISTANCE  (mm) 


Change  in  refractive  index  (0)  and 
%  ZnSe  in  solid  vs.  distance  from 
substrate  for  ZnSxSei_x  gradient 
index  material.  Solid  line  through 
circles  is  a  curve  fit. 
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WILL  ACHIEVE  ALL  OBJECTIVES 


GRADIENT  LENS  CORPORATION 
INFRARED  GRADIENT  OBJECTIVE  DESIGNS 


Gradient  Lens  Corporation 

207  TRFMONT  STRFFT  PnTHFSTFR  NFW  YDPK  llfinfi  B  Dunuc  itici 


207  TREMONT  STREET  ROCHESTER,  NEW  YORK  14608  ■  PHONE,  (716)  235-2620  FAX  (716)235-6645 


Infrared  Gradient 
Objective  Designs 


Subcontract  No.  CVD  SC-9091-1 


Presented  By: 

Leland  G.  Atkinson, 
J.  Robert  Zinter 


May  25,  1988 


GRADIENT  INDEX  DESIGN  OVERVIEW 


I)  Homogeneous  Triplet 

II)  Development  of  Axial  Gradient  (AGRIN) 

-  Possible  Combinations 

-  AGRIN  Design 

-  AGRIN  Tolerancing 

III)  Developmet  of  Radial  Gradient  (RGRIN) 

-  Singlet  Design 

-  Two  Element  Design 

IV)  Conclusions  and  Future  Work 


GE  ZNSE  TRIPLET  #2 


Design  Guidelines 


An  axial  Gradient-index 
Doublet  (  delta  N  <  0.2  ) 

E.P.D  =  75  mm 
F#  =  1.0 

Half  Field  of  View  0°-  5° 

Wavelengths 

11.3,  10.6,  8.2  microns 


Color  corrected 


Axial  Gradients 

A  material  whose  index  of  refraction  varies  as  a  function  of 
z  only,  a  series  of  planar  surfaces  each  with  a  specific 
index  given  by  the  polynomial . . . 

N(z)  =  N00  +  N01Z  +  N02  Z2  +  N03Z3  +  . . . 


8 


Third  Order  Starting  Designs 


Axial  Gradient  Preliminary  Tolerances  : 

Tolerances:  Germanium  70%  ZnSe 

Front  Radius  (mm)  77.251(8/2)  -384.474(10/2) 

Back  Radius  1 1 3.735(8/2)  -520.1 54(1 2/3) 

‘Thickness  (mm)  6.500  +/-  0.04  5.522+/-  0.04 

Nqq  (@10.6  um)  4.003 +/- 0.002  2.329+/- 0.002 

TIR  (mm)  0.008  0.006 

Tilt(mrad)  0.3  1.5 

Decenter  (mm)  0.100  0.100 

‘Stop  Distance  (mm)  -  -  >  0.000  +/-  0.04 
‘Separation  (mm)  -->  8.618  +/- 0.025 

Compensators: 

Focal  Plane  Shift  (mm)  +/-  0.146 


* 


Most  sensitive  tolerances 


MTF  Effects  from  tolerances  and  compensation 


Probable  change  in  MTF  at  6.7lines/mm 


Cumulative 

Probability 


Nominal  Change  in 
MTF  MTF 


On  Axis  97.7% 


0.827 


-0.153 


0.7  Field  97.7% 


0.271 


-0.106 


Note:  Length  tolerances  are  most  sensitive,  if  lengths  are  held 
0.02mm,  then  the  tolerance  and  compensator  effects  are  . .  . 

On  Axis  97.7%  0.827  -0.084 

0.7  Field  97.7%  0.271  -0.062 


Radial  Gradients 


A  material  whose  index  of  refraction  varies  as  a 
function  of  radius,  a  series  of  concentric  cylinders 
each  with  a  specific  index,  given  by  the  polynomial . . . 


N(r)  =  Nqq  +  N-iqT^  +  N2q^  +  Nggr®  +. . . 


r2  =  x2  +  y2 
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Development  of  RGRIN  Design 


Design  Step  Degrees  of  Freedom  Correction 


First  order 

Achromat; 
Stopped  down 


Nig,  t,  C,  Ngg 


Focal  length 
and  Axial  Color 


Third  Order 


Bending  (  C-|  ),  N20 


Spherical  and 
Coma  aberration 


Fifth  Order 
(Opened  to  F#/l ) 


5th  order 
Spherical  aberr. 


Singlet  Design 


Stop  shifting 

(  Unable  to  correct  Astig.) 


***  Singlet  design  dominated  by  third  order  astigmatism  and 
Petaval  field  curvature 


Astigmatism 


Addition  of  Field 
Corrector 


Power  and  bending 


Petzval  Field 
Curvature 


Two  Element  Design  —  Additional  Element  displaced  from  image 


plane,  providing  for  Astigmatism,  rather  than  Petzval  Field 
correction 
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Radial  GRIN  Designs 


Design  Field  AN  Dominant  Tangential  MTF 
of  View  Aberration  at  2  lines/mrad. 


n 


n  n 


u 


10 


16 


-0.0736 


-0.0549 


-0.0556 


On  axis  Full  Field 


Petzval  Field 
and  Astigm. 


Petzval  Field 


Petzval  Field 


0.58  0.52 


0.66  0.64 


0.66  0.10 


Notes: 

1)  Both  Designs  are  f#/1  ,  E.P.D.  =  1” 

N00  =  NZnSe  =  2.4028  at  10.6  microns 

2)  For  ZnSe/ZnS  Gradients  the  V#  gr  =  - 10.09, 

Consequence:  f.l.  hmg  (+)  and  f.l.  gr  (+)  for  an 
Achromat,  ie.  1/f.I.aVa  =  -  1/f.l.bVb 

3)  For  Petzval  Field  correction  . . . 

Ptz  a  1/f.l.N00  hmg 
Ptz  a  1/f.l.N  002  GRIN 

Consequence  :  Petzval  and  Axial  Color  cannot  be 
simultaneously  corrected  for  this  type  of  singlet 

4)  Addition  of  second  element  aids  in  greater 
field  of  view. 
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Distance  (mm) 


UJ  **  <\J  *+ 


SPATIAL  FREQUENCY  (CYCLES/MM) 


**  CM 


g 

1  *3i 
3  ooo 

>  cn  to  cu 
<  «  o  o 

3C  *H 
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SPATIAL  FREQUENCY  (CYCLES/MM) 


Radial  Gradient  (2  elem.)  Profile 


Radial  Distance  (mm) 


Conclusions  : 


AGRIN  -  Limited  by  Astigmatism  and  Petzval  field 
curvature 

-  Restrictive  length  tolerances  due  to  to  steep  ray 
angles 


RGRIN  -  Singlet  limited  by  Astigmatism  and  Petzval  field 
curvature 

-  Two  Element  limited  by  Petzval  field  curvature 


Future  Work  : 


RGRIN  -  Search  for  possible  second  solution  to  Two 
Element  design. 

-  Where  the  second  element  must  be  negative  to 
correct  for  the  inward  curving  Petzval  field. 
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GRADIENT  LENS  CORPORATION 
PRECISION  OPTICAL  COMPUTER  AIDED  MANUFACTURING 


I  Gradient  Lens  Corporation 

'inT  rocuni.r  prnrcr  nA^urCTCD  MDi/  vodi/  lAKTia  ®  PHONE.'  (716)  235*2620 


207  TREMONT  STREET 


ROCHESTER.  NEW  YORK  14608 


FAX  (716)235-6645 


Precision  Optical 
Computer  Aided  Manufacturing 
(  PCAM  ) 


Leland  G.  Atkinson,  III 


This  work  was  partially 
supported  by  the  U.  S.  Army 
DAAK10-80-C-0268 


May  24,  1988 


PCAM  Objectives 

Automation  of  Optical  Fabrication 
Integration  of  Grinding,  Polishing  and  Tasting 
Use  Standard  CNC  Machinery 
High  Speed  Fabrication 
High  Quality  Surfaces  (  1  Fringe  ) 

Close  Design  -  Fabrication  Gap 


Optical  Fabrication  Review 


Cut  Blank  to  Rough  Size 

Rough  Grinding  (Generation) 

Full  Surface  Loose  Abrasive  Laps 
Fixed  Abrasive  Full  Surface  Laps 
Fixed  Abrasive  Ring  Tools 

Fine  Grinding  (Lapping) 

Full  Surface  Loose  Abrasive  Laps 
Fixed  Abrasive  Full  Surface  Laps 
Fixed  Abrasive  Ring  Tools 


Polishing 

Full  Surface  Loose  Abrasive  Polisher 

Pitch  >  rosin,  bees  wax,  asphalt  compounds 
Polyurethane 
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Appendix 

Angular  Settings  for  Radius  Generating 

These  tables  arc  based  on  the  formula  sin  t  -  D/2r,  where  D  equals  the  cut¬ 
ting  edge  of  the  cutter.  For  concave-surface  generation  the  cutting  edge  is 
the  peripheral  edge  and  for  convex  surfaces,  the  inside  edge;  r  is  the  required 
radius,  txaniplc:  53.5  in.  concave  radius  Diameter  of  cutter  4  in.  Sm  /  - 
4/2  x  53.5,  sin  /  -  4/107,  or  sin  i  -  0.0373  From  a  table  of  natural  sine 
functions  0.0373  equals  2°  9'. 

CIRCLr:  SETTINGS  KOK  RADIUS  GI_Nl  KATOK 
t.Otn.  OU  Culler 

Concave  Cunvcv 


D  -  1 .0  in.  It)  .  0  7 SO  in 


Radius  required 

Circle  veiling 

Rjdius  required 

Circle  veiling 

2  .00" 

l4*-29' 

2  00 

IO“-4g' 

2  25 

I2'-S0- 

2  2S 

V*-35' 

2  SO 

ir-3J' 

2.SU 

If-JIT 

2  7S 

I0°-2V 

2  75 

7*-S0' 

.1  00 

V-36' 

3  00 

7*-i  r 

3  2’. 

H°-5I' 

3  25 

6*-37' 

I  SO 

K“-I3' 

3  50 

6*-V 

J  7  S 

7°  -40' 

3  75 

5*— 45' 

-1  00 

7“  -  1  1 

4  00 

5  * — 2  3  ' 

•i  :s 

(.”-45' 

4  25 

5*-4 

4  so 

0"-2  1 

4  50 

4"^»7- 

4  7  ** 

6”-2' 

4  75 

4*-32' 

s.oo 

5"  -15' 

5  UO 

4*-IS’ 

s  :s 

5*-28’ 

5.2S 

4*  -6‘ 

5  so 

5*- 13' 

5  SO 

3”-54' 

S  75 

4*-5SI' 

5  75 

3°—44' 

6.00 

4*  -47* 

6,00 

3’-35' 

6  25 

4’-36’ 

6.25 

3*-27' 

6  50 

4*-22' 

6  50 

3,-ir 

6  75 

4*- 1 5 

6.75 

3*-i  r 

7  00 

4”-6' 

7.00 

3*-4 
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Optical  Fabrication  Methods 


Transfer  Techniques 

Easily  Automated 
Accuracy  Limited  by  Machine 
Examples 

Tracer  Machines 

Replication 

Molding 


Transformation  Techniques 
Hard  to  Automate 
Accuracy  Limited  by  Models 
Examples 


Loose  Abrasive  Grinding 
Pitch  Polishing 


Computer  Controlled  Techniques 


Modified  Tracer 
Examples 

LODTM  -  LLL 
PCAM  Grinding  -  GLC 


Uses  a  computer  to  control 
a  HARD  tool  in  a 
predictable  path. 


Modified  Transformation 
Examples 
CCP  -  PE 
CCOS  -  Itek 
PCAM  Polishing  -  GLC 

Uses  a  computer  to  control 
a  SOFT  tool  motion  and/or 


characteristics. 


CONVEX  PART 


CONCAVE 


PART 


FRONT  VIEW  RIGHT  SIDE  VIEW 


OPTICAL  SURFACING  CENTER 


PCAM  Summary 


Automation  of  Spherical  Surface  Fabrication 
Achieve  High  Quality  Optics 
Fast  Cycle  Times 

Integration  of  Interferometric  Surface  Testing 
Close  the  Design  Fabrication  Gap 

Ideal  for  Prototyping  of  Optical  Systems 
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